In the penis, nitric oxide (NO) can be formed by both neuronal NO synthase and endothelial NOS (eNOS). eNOS is activated by viscous drag͞shear stress in blood vessels to produce NO continuously, a process mediated by the phosphatidylinositol 3-kinase (PI3-kinase)͞Akt pathway. Here we show that PI3-kinase͞Akt physiologically mediates erection. Both electrical stimulation of the cavernous nerve and direct intracavernosal injection of the vasorelaxant drug papaverine cause rapid increases in phosphorylated (activated) Akt and eNOS. Phosphorylation is diminished by wortmannin and LY294002, inhibitors of PI3-kinase, the upstream activator of Akt. The two drugs also reduce erection. Penile erection elicited by papaverine is reduced profoundly in mice with targeted deletion of eNOS. Our findings support a model in which rapid, brief activation of neuronal NOS initiates the erectile process, whereas PI3-kinase͞Akt-dependent phosphorylation and activation of eNOS leads to sustained NO production and maximal erection. N itric oxide (NO) serves many biological functions. As a neurotransmitter, it is produced by neuronal NOS (nNOS). Vascular tone is regulated by NO formed from endothelial NOS (eNOS). Inducible NOS accounts for diverse functions, especially responses to inflammatory stimuli (1-3). A substantial body of evidence implicates NO in normal erectile function: the nerves that regulate penile erection contain nNOS (4-7), NO donors and NOS inhibitors elicit and prevent erection, respectively (8-12), and mice lacking protein kinase G I (PKGI, a major target of NO͞cGMP signaling in the penis) demonstrate a pronounced reduction in reproductive capacity (13).
In the penis, nitric oxide (NO) can be formed by both neuronal NO synthase and endothelial NOS (eNOS). eNOS is activated by viscous drag͞shear stress in blood vessels to produce NO continuously, a process mediated by the phosphatidylinositol 3-kinase (PI3-kinase)͞Akt pathway. Here we show that PI3-kinase͞Akt physiologically mediates erection. Both electrical stimulation of the cavernous nerve and direct intracavernosal injection of the vasorelaxant drug papaverine cause rapid increases in phosphorylated (activated) Akt and eNOS. Phosphorylation is diminished by wortmannin and LY294002, inhibitors of PI3-kinase, the upstream activator of Akt. The two drugs also reduce erection. Penile erection elicited by papaverine is reduced profoundly in mice with targeted deletion of eNOS. Our findings support a model in which rapid, brief activation of neuronal NOS initiates the erectile process, whereas PI3-kinase͞Akt-dependent phosphorylation and activation of eNOS leads to sustained NO production and maximal erection.
N itric oxide (NO) serves many biological functions. As a neurotransmitter, it is produced by neuronal NOS (nNOS).
Vascular tone is regulated by NO formed from endothelial NOS (eNOS). Inducible NOS accounts for diverse functions, especially responses to inflammatory stimuli (1) (2) (3) . A substantial body of evidence implicates NO in normal erectile function: the nerves that regulate penile erection contain nNOS (4) (5) (6) (7) , NO donors and NOS inhibitors elicit and prevent erection, respectively (8) (9) (10) (11) (12) , and mice lacking protein kinase G I (PKGI, a major target of NO͞cGMP signaling in the penis) demonstrate a pronounced reduction in reproductive capacity (13) .
Neurally derived NO is well established as a mediator of smooth muscle cell relaxation in the penis, engorgement of the cavernous sinusoids, and subsequent erection (14, 15) . eNOS is abundant in the endothelial lining of the penile vessels and trabecular meshwork and is also a potential source of NO (16) (17) (18) . Although erection elicited by electrical stimulation of cavernous nerves is abolished by NOS-inhibiting drugs (8, 19) , it is preserved in mice with targeted deletion of nNOS␣ (nNOS Ϫ͞Ϫ ; ref. 16 ). However, these mice do not manifest total loss of nNOS in the brain, and in penile tissue from nNOS Ϫ͞Ϫ mice NO production is not lost (ref. 20 and A.L.B., M.A.P., B.M., A. Sawa, J.K.C., K.J.H., and S.H.S., unpublished data). Penile erection is retained also in eNOS Ϫ͞Ϫ mice (21) .
nNOS and eNOS are activated by calcium entry into the cell, binding to calmodulin associated with the enzymes (22) . Whereas physiologic penile erection lasts several minutes, the calcium-dependent activation of nNOS or eNOS is quite transient. Recently, several groups showed that the phosphatidylinositol 3-kinase (PI3-kinase) pathway that activates the serine͞ threonine protein kinase Akt (also known as PKB) causes direct phosphorylation of eNOS, reducing the enzyme's calcium requirement and causing increased production of NO (23) (24) (25) . This pathway is responsible for both shear stress and growth-factor enhancement of blood flow that can last for hours (26) (27) (28) (29) (30) . We have examined whether Akt regulation of eNOS occurs during penile erection and whether that regulation is important in producing and maintaining normal penile erection.
We now show that electrical stimulation as well as druginduced relaxation of penile erectile tissue increases phosphorylation and activation of Akt as well as phosphorylation of eNOS. This response is reduced by PI3-kinase inhibitors. Moreover, penile erection monitored by changes in intracavernous pressure (ICP) elicited pharmacologically is diminished markedly in eNOS Ϫ͞Ϫ animals. We propose a model integrating the neuronal and endothelial components of NO production in penile erection.
Materials and Methods
Reagents. Wortmannin and LY294002 were from Calbiochem. Mouse monoclonal anti-eNOS antibody was from BD Transduction Laboratories (San Diego). Anti-phospho-Akt-S473, anti-Akt, and anti-phospho-eNOS-Ser-1177 antibodies were from Cell Signaling Technology (Beverly, MA).
Animal Models. Age-matched adult male Sprague-Dawley rats (Charles River Breeding Laboratories) or C57BL6 (wild type; The Jackson Laboratory), eNOS Ϫ͞Ϫ and nNOS Ϫ͞Ϫ mice (31, 32) were anesthetized with 40 mg͞kg pentobarbital (Abbot). In rats, systemic blood pressure (mean arterial pressure) was monitored continuously via the right carotid artery. To monitor ICP, the shaft of the penis was denuded of skin and fascia and the left corpus cavernosum perforated with a 23-(rat) or 25-gauge (mouse) needle connected via PE-50 tubing to a pressure transducer (DI-190; Dataq Instruments, Akron, OH) as described (33, 34) . Response parameters were calculated by using MATLAB software (Mathworks, Natick, MA).
Physiologic Erection Studies. For electrically stimulated penile erections, a bipolar electrode attached to a Grass Instruments S48 stimulator (Quincy, MA) was placed around the cavernous nerve as described (8) . Stimulation parameters ranged between 4 and 6 volts at a frequency of 16 hertz with square-wave duration of 1-5 ms. To induce erection pharmacologically, the right corpus cavernosum was perforated with a 23-(rat) or 27-gauge (mouse) needle. Papaverine hydrochloride was injected intracavernosally (1.5 mg for rats and 0.4 mg for mice; refs. 16 and 35). PI3-kinase inhibitors wortmannin and LY294002 or inactive wortmannin were prepared in 30-50 l of 0.15% DMSO and injected into the rat right corpus cavernosum 10 min before electrical stimulation or papaverine injection. The lowest dose of wortmannin within the penis was estimated at 2 nM and the highest at 2 M, and the range for LY294002 was from 10 nM to 10 M. In immunoblot studies, animals were stimulated once for 1 min or administered a single dose of papaverine after injecting the inhibitor. Penes were then excised and processed for phosphoprotein analysis. For ICP dose-response studies, the stimulus interval was 1 min with at least 20 min between stimulations at increasing doses of inhibitor or of vehicle alone.
Preparation of Protein Extracts and Western Immunoblot.
Minced tissue was homogenized in 8 volumes of ice-cold buffer containing 50 mM Tris, pH 7.5, 2 mM EDTA, 2 mM EGTA, 150 mM NaCl, 1% Triton X-100, 0.5% Nonidet P-40, 10% glycerol, and protease and phosphatase inhibitors (50 mM NaF͞5 mM sodium pyrophosphate͞1 mM benzamidine͞1 M Microcystin LR͞20 mM ␤-glycerolphosphate͞1 mM sodium vanadate͞2 g/ml aprotinin͞10 g/ml leupeptin͞10 g/ml trypsin inhibitor͞1 mM Pefabloc). After centrifugation at 16,000 ϫ g for 30 min, soluble protein was determined by using the BCA assay (Pierce). Protein (1-3 mg) was added to 40 l of packed 2Ј,5Ј-ADP-Sepharose (22, 25) . After 1.5 h, the beads were washed as follows: PBS͞400 mM NaCl͞1% Triton X-100; PBS͞2% Triton X-100; and finally PBS alone. Bound protein was eluted in 30 l of SDS loading buffer (62.5 mM Tris, pH 6.8͞2% SDS͞10% glycerol͞2 mM EDTA) at 100°C for 3 min. Purified eNOS or 50 g of crude homogenate (for Akt) was resolved on 7.5 or 12% Tris gels (Bio-Rad), transferred to nitrocellulose, probed at 4°C with rabbit polyclonal anti-phospho-eNOS-S1177 antibody (1:400) or rabbit polyclonal anti-phospho-Akt-S473 antibody (1:1,000), and then stripped and reprobed for total eNOS (1:1,000) or Akt (1:5,000). Results were quantified by densitometry, and the ratio of phospho to total protein was determined in arbitrary units and expressed relative to the ratio for sham-treated animals prepared and blotted at the same time.
Immunohistochemistry. Whole penes removed from adult rats after electrical stimulation were embedded in Tissue-Tek (VWR Scientific). Transverse sections (6 m) were cut and mounted on slides, fixed in 4% paraformaldehyde, permeabilized in 0.4% Triton X-100, and quenched in 3% H 2 O 2 in PBS for 15 min. All slides were subsequently incubated in PBS containing 1% goat serum for 1 h and then at 4°C overnight in PBS with 0.2% BSA and the indicated commercial antibodies: eNOS, 1:250; phospho-eNOS-S1177, 1:200; Akt, 1:200; phopho-Akt-S473; 1:250; and Factor VIII, 1:200. Staining was visualized by using an Elite Vectastain kit (Vector Laboratories). Controls without primary antibody were run for each set of slides.
Statistical Evaluation. Statistical analysis was performed by using one-way ANOVA followed by Newman-Keuls multiple comparison test or by t test when appropriate. The data are expressed as mean Ϯ SE. A value of P Ͻ 0.05 was considered significant.
Results

Electrical Stimulation and Pharmacostimulation Elicit Phosphorylation
of Akt and eNOS in the Penile Endothelium. Akt is a serine͞ threonine kinase activated by phosphatidylinositol 3,4,5-trisphosphate (PIP3) and several phosphatidylinositoldependent protein kinases (36) . Phosphorylation of S473 on Akt is coincident with Akt activation in vivo and in vitro and has been used as a marker for Akt activity by using phospho-specific antibodies (37, 38) . We elicited erection in rats by stimulating the cavernous nerve electrically (8, 33) for 15 sec or 5 min and then assessed changes in whole-organ Akt phosphorylation by Western blots. Electrical stimulation dramatically increased endogenous Akt-S473 phosphorylation as well as the phosphorylation of native eNOS at S1177 (eNOS-S1177), the site phosphorylated by Akt, as monitored with another phospho-specific antibody (Fig.   1 ). The ratio of phospho-eNOS to total eNOS increased by 30-40% after 15 sec and by 60-70% after 5 min. eNOS phosphorylation was maintained for at least 10 min after termination of the electrical stimulus. We localized phospho-Akt and phospho-eNOS immunohistochemically in serial sections of rat penis stimulated for 0 (sham) or 5 min (Fig. 2) . Phospho-Akt and phospho-eNOS colocalized in the penile endothelium in these sections, and both increased after electrical stimulation.
Blood flow in the penis increases rapidly at the onset of erection (39) , and shear stress associated with augmented blood flow activates Akt, leading to phosphorylation of eNOS-S1177 (23, 26, 40, 41) . To determine whether the increase in eNOS phosphorylation elicited by cavernous nerve stimulation is secondary to augmented blood flow, we injected rats with papaverine intracavernosally, a procedure well known to elicit vasorelaxation and to increase ICP in rodents (42) , and assessed the phosphorylation state of eNOS-S1177 and Akt-S473 (Table 1) . Although papaverine responses are more variable than those after electrical stimulation, papaverine induced phosphorylation of Akt by 40% and of eNOS by 70%, indicating that augmented blood flow and endothelial shear stress may account for increased phosphorylation of penile eNOS.
PI3-Kinase Mediates Phosphorylation of Akt and eNOS and Augments
ICP. Akt phosphorylation and activation in most systems depend on PI3-kinase activation (36) . To determine whether phosphorylation of Akt and eNOS during erection similarly depends on PI3-kinase, we injected the PI3-kinase inhibitors wortmannin and LY294002 directly into the penis before 1 min of electrical stimulation (Table 1) . Wortmannin decreased the stimulated increase in phospho-Akt by 40% but had only a modest effect on stimulated phosphorylation of eNOS under these conditions. LY294002 decreased phosphorylation of both Akt and eNOS. Because we were unable to assay PI3-kinase activity in penile homogenates, we could not determine the exact relationship between the extent of inhibition of PI3-kinase by direct injection of the drugs and of Akt and eNOS phosphorylation.
We assessed the physiologic consequence of eNOS phosphorylation͞activation after electrical stimulation by monitoring changes in ICP (Fig. 3) . Intracavernosal injection of wortmannin (4) The numbers represent the mean change Ϯ SE from unstimulated (sham) control for the ratio of phosphorylated to total protein as determined by densitometric analysis of Western blots using specific antibodies as described for Fig. 1 . The numbers in parentheses indicate measurements per condition.
(260 ng) or LY294002 (900 ng) decreased ICP 50 and 30%, respectively. The rate of rise of ICP (slope) was diminished significantly by wortmannin. Repeated injection of vehicle alone (DMSO) or wortmannin that was inactivated by overnight incubation at 37°C failed to alter erection (data not shown).
Finally, we tested whether the increases in ICP, phospho-Akt, and phospho-eNOS observed with papaverine injection were affected by treatment with PI3-kinase inhibitors. Stimulated phospho-Akt and phospho-eNOS are both decreased by wortmannin and LY294002 (Table 1) . Moreover, both drugs affected maximal ICP attained with papaverine (Fig. 4) . Wortmannin reduced maximal ICP by 60%, whereas LY294002 reduced it by 40%.
eNOS Deletion Impairs Penile Erection Elicited by Drug-Dependent
Relaxation. Our findings are consistent with a model in which penile erection is initiated by a neuronal pool of NO produced by nNOS, which is short-lived, followed by a prolonged shear stress-dependent activation of eNOS. This model predicts that deletion of eNOS should prevent maximal erections initiated by vasorelaxation. We monitored ICP after vasorelaxation elicited by papaverine in wild-type and eNOS Ϫ͞Ϫ mice (Fig. 5) . In wild-type mice intracavernosal injection of papaverine augmented ICP, although more gradually than electrical stimulation (33) . ICP increased to maximal levels in 3-5 min in mice in contrast to the 10-sec time frame observed with electrical stimulation and was sustained for Ϸ10 min. The increase in maximal ICP for eNOS Ϫ͞Ϫ mice was reduced by 75% after papaverine treatment. In marked contrast, the response of ICP to papaverine treatment in nNOS Ϫ͞Ϫ animals was practically indistinguishable from wild-type mice.
Discussion
Our findings support a model in which nNOS and eNOS, respectively, mediate the initiation and sustained (tumescence) phases of maximal penile erection (Fig. 6 ). In the urologic literature, ''sustained erection'' often refers to long-term maintenance of maximal erection caused by venoocclusive and other factors (43) . In this study, attainment of complete tumescence presumably involves amplification by eNOS of nNOS-initiated relaxation. Penile erection begins with psychogenic stimuli as well as tactile (reflexogenic) stimuli that excite pelvic plexus neurons and activate the postganglionic cavernous neurons that innervate the penis directly (44) . Neural signals initiate penile erection by activating nNOS after depolarization-induced calcium entry and Ca 2ϩ ͞calmodulin stimulation of nNOS (22) . The 
Ca
2ϩ ͞calmodulin activation of nNOS is reversible and brief, but the vasorelaxation from neurally derived NO causes increased blood flow and physical expansion of penile vasculature and sinusoidal spaces. The resulting shear force on the endothelium of these structures activates the PI3-kinase͞Akt͞eNOS phosphorylation cascade, causing more sustained NO release and relaxation. Consistent with this model, penile production of NO after electrical stimulation persists much longer than the duration of the stimulus (45) . Direct evidence that vasorelaxant stimuli cause prolonged maximal erection comes from studies of intracavernosal injection of papaverine in humans (46) and animals (47) . Papaverine is believed to be a nonselective phosphodiesterase inhibitor that promotes smooth muscle relaxation directly (48) . Our finding that papaverine is less effective in eNOS Ϫ͞Ϫ than in nNOS Ϫ͞Ϫ mice indicates a crucial role for endothelial NO in papaverine's actions. A trabecular meshwork enriched in eNOS contains gap junctions that relay electrical activity among penile smooth muscle cells (49) . Papaverine may induce an initial relaxation propagated by gap junctions that is accelerated by PI3-kinase͞Akt stimulation of eNOS and sustained NO production. Our model is supported also by observations that prostaglandin E1, another clinically useful vasorelaxant with a pharmacologic mechanism distinct from that of papaverine, stimulates the formation of NO in the penis and enhances erectile responses to electrical stimulation (50) .
Our findings clarify contradictory reports regarding the role of NO in penile erection. Both nNOS Our findings have therapeutic implications. Drugs that inhibit the dephosphorylation of eNOS might alleviate erectile dysfunction. eNOS abnormalities may play a role in diabetic erectile dysfunction. Hyperglycemia decreases NO production by eNOS via O-linked glycosylation of eNOS at the Akt target S1177 in hyperglycemic cell culture conditions and in animal models of diabetes (53) . Erectile dysfunction in diabetes is associated with peripheral nerve damage but may involve diminished endothelial production of NO as well (54, 55) . 6 . A model depicting initiation of erection by nNOS and its maintenance by eNOS. Initial stimuli from higher neural centers elicit a relatively short-lived burst of NO from nerve fibers throughout the penile tissue that relaxes smooth muscle, enhancing blood flow. PI3-kinase͞Akt activation by the resulting shear stress phosphorylates eNOS (indicated with P) in endothelial cells and provides a sustained increase in NO leading to maximal relaxation that does not require continuous neuronal depolarization. CaM, calmodulin.
